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In this study, we show that a novel human type II epithelial keratin, K1b, is exclusively expressed in luminal duct
cells of eccrine sweat glands. Taking this luminal K1b expression as a reference, we have used antibodies against a
plethora of epithelial keratins to systematically investigate their expression in the secretory globule and the two-
layered sweat duct, which was divided into the intraglandular, intradermal, and intraepidermal (acrosyringium)
segments, the latter being further subdivided into the sweat duct ridge and upper intraepidermal duct. We show
that (i) each of the eccrine sweat gland tissue compartments expresses their own keratin patterns, (ii) the peripheral
and luminal duct layers exhibit a sequential keratin expression, with both representing self-renewing cell layers,
(iii) the intradermal duct and the sweat duct ridge display hitherto unknown length variations, and (iv) out of all cell
layers, the luminal cell layer is the most robust layer and expresses the highest number of keratins, these being
concentrated at the apical side of the cells to form the cuticle. We provide evidence that the cellular and inter-
cellular properties of the peripheral and the luminal layers reﬂect adaptations to different functions.
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The genomic characterization of the complex human type I
and type II keratin multigene families on chromosomes
17q21.2 and 12q13.13, respectively, has involved the work
of many laboratories over more than 20 y. Progressing from
the elucidation of single genes or small groups of genes,
recently, sequences of larger regions of both domains,
which, in addition to epithelial keratin genes, contained the
hair keratin genes expressed in hard keratinizing structures,
have also been explored (Rogers et al, 1998, 2000; Lang-
bein et al, 1999, 2001). Considerable progress has been
recently made by the Human Genome Sequencing Con-
sortium, which has resulted in the completion of a human
genome reference sequence (The Human Genome Se-
quencing Consortium, 2004). This, coupled with previous
bioinformatic studies, has led to the elucidation of the entire
type I and type II human keratin gene domains (Hesse et al,
2001, 2004; Rogers et al, 2004a, b).
The type I keratin gene family contained seven novel
members for which detailed expression studies were still
lacking. These comprised five epithelial keratin genes and
two hair keratin genes, the latter being separated from the
previously described cluster of nine functional hair keratin
genes (Rogers et al, 1998) by several multigene families
coding for hair keratin-associated proteins (Rogers et al,
1998, 2001, 2004a; Hesse et al, 2004). In contrast, the type
II domain contained only four novel epithelial keratin genes.
Three of these genes had already been identified in 2001,
and, at that time, were designated K6l, K1b, and K5b, re-
spectively (Hesse et al, 2001). The fourth gene was discov-
ered only recently and called Kb20 (Hesse et al, 2004;
Rogers et al, 2004b).
Our laboratories have decided to successively elucidate
the expression patterns of the various novel type I and type
II keratin genes. As in previous studies their products had
escaped detection by 1- and 2DE gel electrophoresis, it is
obvious that, for each of them, either a highly restricted
expression pattern exists, or a particularly weak expression
in the various epithelial structures of the human body. In this
study, we undertook the characterization of the type II ker-
atin K1b. We show that this keratin is exclusively expressed
in the ductal portion of human eccrine sweat glands, and
present a detailed description of the overall keratin expres-
sion in this small epidermal adnexal organ.
Results
Properties and cDNA sequence characteristics of kera-
tin K1b We have previously reported that the K1b keratin
consists of 578 amino acid residues and exhibits a calcu-
lated molecular weight of 61.8 kDa (Rogers et al, 2004b).
Sequentially, it is highly related to the epidermal differenti-
ation-specific keratin K1 (Fig 1A), and hence, evolutionary
tree construction, based on the sequences of the a-helical
rod domains of the known human type II keratins, reveals a
Abbreviations: IIF, indirect immunofluorescence; ISH, in situ hy-
bridization; mab, monoclonal antibody; PBS, phosphate-buffered
saline
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Figure 1
Comparison of keratin K1b and K1 cDNA
sequences and phylogenetic tree. (A) The
K1b amino acid sequence is highly homol-
ogous with that of K1 in particular in its a-
helical rod domains (arrows) but also in its
non-a-helical head and tail domains. The
underlined sequence motif was used for the
generation of an antibody against K1b. As-
terisks below a sequence indicate amino
acid identity; dots, amino acid homology.
(B) Both proteins form a separate branch in
the phylogenetic tree constructed on the
basis of the rod domain sequences of all
known type II keratins. Asterisks in (B) indi-
cate the current designation of these kera-
tins; p, polymorphic variants (Rogers et al,
2004b).
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co-segregation of K1b with K1 (Fig 1B, Rogers et al, 2004b).
Moreover, the K1 and K1b genes are directly neighbored
within the type II keratin gene domain on chromosome
12q13.13 (Hesse et al, 2004; Rogers et al, 2004b). Besides
highly conserved rod domains, the K1b and K1 keratins
exhibit a highly conserved non-a-helical H1 subdomain and
share distinct glycine-rich sequence stretches in the head
and tail domains (Fig 1A). A 15 aminoacid oligopeptide,
derived from the head domain (Fig 1A, underlined), was
used for the generation of a specific K1b antiserum in
guinea-pigs.
Expression characteristics of K1b Previous northern blot
analyses of a wide range of human tissues using a 30-non-
coding probe derived from the K1b gene demonstrated the
presence of extremely low amounts of K1b transcripts in
body skin (Rogers et al, 2004b). In contrast, whereas west-
ern blots of cytoskeletal extracts of body skin from various
locations clearly revealed reactive bands using K1 or K5
antibodies, no selective K1b protein band could be detect-
ed when these extracts were incubated with the K1b an-
tibody (results not shown). Collectively, these data indicated
that K1b must be a member of the keratin family that is
either extremely weakly or very specifically expressed in
restricted areas of the skin. Conceptually, we favored the
idea that, given the high sequence homology of K1b with
K1, the keratin might be expressed in close association with
K1 in differentiating epidermal cells. We therefore analyzed
skin sections of various body sites either by in situ hybrid-
ization (ISH), using a specific 30-noncoding region probe of
the K1b cDNA or by indirect immunofluorescence (IIF) mi-
croscopy, using the K1b antiserum prepared against an
aminoterminal peptide of this keratin. These sections in-
cluded glabrous plantar skin whose epidermis, in addition to
strong K1 expression, was known to express additional
keratins, such as K9 and K2e in differentiating cells (Lang-
bein et al, 1993; Swensson et al, 1998). Although virtually no
ISH and IIF label was seen in any type of epidermis (cf. Figs
3 and 4) nor in any tissue compartment of the complex hair
follicle (results not shown), rather surprisingly, we observed
a strong, positive label in a distinct region of eccrine sweat
glands.
Anatomically, this smallest epidermal appendage con-
sists of a simple tube, originating blindly in the reticular der-
mis and extending to its opening at the surface of the
epidermis (Fig 2). Eccrine sweat glands can basically be
divided into two main segments: a proximal secretory glob-
ule and a distal excretory duct. The secretory globule is
composed of three distinct cell types: alternating inner se-
cretory (clear) and mucoid (dark) cells, occurring in approx-
imately equal number and surrounded by spindle shaped,
discontinuous myoepithelial cells that are presumed to
possess contractile properties (Fig 2/1-2). The ductal unit,
which is generally built up of an outer layer of cuboidal pe-
ripheral cells and an inner layer of luminal cells, can be
subdivided into four segments: the proximal intraglandular
duct, which is as coiled as the secretory portion, and with
which it is continuous and invariably mingled in tissue sec-
tions through the secretory globule (Fig 2/1-2). The intra-
glandular duct is followed by the intradermal duct, often
Figure 2
Schematic presentation of an eccrine sweat gland and its main tissue segments. Numbers on the left-hand side denote the various segments
of a sweat gland in the following order: (1-2), glandular globule, containing secretory (1) and intraglandular duct (2) portions, including the transitional
segment between the two segments; (3), intradermal duct; and (4) and (5), intraepidermal duct (acrosyringium) comprising the lower sweat duct
ridge (4) and the upper spiralled intraepidermal duct (5). Modified drawing from Abenoza and Ackerman (1990, p 44).
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Figure 3
Demonstration of keratin K1b mRNA and protein by in situ hybridization (ISH) and indirect immunofluorescence (IIF) microscopy. (A–E) ISH
reveals specific K1b transcripts (red) in luminal cells (lc) of the intraglandular (igd), intradermal (idd), and intraepidermal/acrosyringial (ied/ac) duct of
eccrine sweat glands of plantar skin. Peripheral duct cells (pc) are negative. The arrows in (B) denote the compact connective tissue sheath around
K1b-negative secretory portions, which is lacking in intraglandular duct portions. The open arrow (C) demarcates the beginning of the sweat duct
ridge. (F–K) IIF microscopy confirms the occurrence of the K1b protein (red) in luminal duct cells of sweat glands of plantar skin (F–H) and scalp (I–K).
The inset in (F) shows the K1b expression in the acrosyringium by immunoperoxidase labeling. The dotted line in (I) denotes the surface of scalp skin.
Nuclei in (F–K) were stained with DAPI. Asterisks (B, H, K) indicate unlabeled secretory gland portions; arrowheads (B, H, K) show K1b-negative
intraglandular ducts; sdr, sweat duct ridge; sb, stratum basale; ss, stratum spinosum; sg, stratum granulosum; sc, stratum corneum; gl, glandular
region with secretory and intraglandular duct portions; and lu, lumen. Micrographs by confocal laser scanning (A–E) and conventional microscopy
(F–K); scale bars: 100 mm.
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referred to as ‘‘straight’’, although in reality, it is more or less
undulated (Fig 2/3). Shortly after the penetration into the
epidermis, the intraepidermal duct (acrosyringium) spirals
tightly and opens onto the epidermal surface (Fig 2/4-5). In
the lower third of the epidermis, the semilunar luminal and
peripheral duct cells are progressively surrounded by fur-
ther concentric rows of epidermal keratinocytes that adopt
a similar morphology. This seemingly enlarged duct unit is
called the ‘‘sweat duct ridge’’ (Fig 2/4), with the entire pe-
ripheral cell population being referred to as ‘‘poroid cells’’
(for reviews, see Hashimoto et al, 1965, 1966a, b, 1986; El-
lis, 1967; Breathnach, 1971; Montagna and Parakkal, 1974;
Abenoza and Ackerman, 1990; Munger, 1997; Hurley, 2001).
Figure 3A and B shows a composite section through an
eccrine sweat gland of human plantar skin, depicting from
bottom to top the coiled glandular globule (gl), containing
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structural elements of both the secretory portion (asterisks)
and the coiled portion of the intraglandular duct (igd). Mor-
phologically, the secretory coils clearly differ from the coiled
ductal portions by their generally larger diameter and their
prominent lumen as well by a characteristic whitish envelope
of connective tissue apposed to the outermost myoepithelial
cells and separating the coils from collagen bundles in the
reticular dermis (Fig 3B, black arrows). Higher up there ap-
pear sections of the intradermal duct (idd; Fig 3B), followed
by those of the intraepidermal duct (ied) passing through a
prominent primary papillary ridge of the thick footsole epi-
dermis (Fig 3A). Note that this composite figure does not
contain a section through the region of the sweat duct ridge.
ISH with a specific 30 noncoding probe of the K1b mRNA
clearly revealed K1b transcripts in luminal cells of the coiled
intraglandular duct (Fig 3B and E), whereas coils of the se-
cretory globule were negative (Fig 3B, asterisks). Remark-
ably, one of the structures identified as a ductal portion by
its morphology (small diameter and small size of its lumen)
did not exhibit K1b transcripts at all (Fig 3B, closed arrow-
head). As there was an indication for the presence of the
whitish, albeit less prominent ring around this structure (Fig
3B, open arrowhead), we speculate that it may correspond
to the transitional region between the secretory and the
ductal coils in which, obviously, luminal K1b mRNA is not
yet expressed. In contrast, K1b mRNA expression in luminal
cells could then be seen in the entire intradermal duct (Fig
3B and D) as well as in the sweat duct ridge (Fig 3C, above
the open arrow) and the acrosyringium (Fig 3A). These data
were confirmed at the protein level using the antibody for
K1b on cryosections of both plantar skin (Fig 3F–H) and
scalp (Fig 3I–K). In both tissues, luminal cells of the entire
excretory duct were specifically stained, with, again, few
intraglandular duct sections remaining clearly unstained (Fig
3H and K, closed arrowheads). The paraffin section of plan-
tar skin shown in the inset of Fig 3F better illustrates the
penetration of the intradermal sweat duct into a primary
epidermal ridge, with a K1b-positive duct portion being vis-
ible above the bluish granular layer in the prominent corni-
fied layer of this epithelium. Thus, although we failed to
demonstrate a specific K1b protein band by means of
western blots with the K1b antiserum on cytoskeletal ex-
tracts of plantar skin and scalp, the conformity of the ISH
data with the IIF studies proved that our K1b antiserum
specifically recognized this keratin.
Double-label IIF studies In order to learn more about the
differential keratin expression in eccrine sweat glands rel-
ative to that of K1b in luminal duct cells, we conducted an
elaborate series of double-label IIF studies using a large
panel of monospecific antibodies for various type I and type
II keratins. These antibodies were primarily selected on the
basis of a large body of previous investigations on the ker-
atin expression in the adult human eccrine sweat gland.
Collectively, these studies revealed the expression of an
amazingly large number of heterogenous keratins, such as
K1, K10, K5, K14, K15, K6, K16, K17 as well as K8, 18, K19,
and K7, in this rather small secretory skin appendage
(Kurokawa et al, 1988; Broekaert et al, 1990; Wollina et al,
1990a; Moll and Moll, 1991, 1992; Tsubura et al, 1991; Wo-
llina, 1991; Yoneda et al, 1991; Eckert et al, 1992; Watanabe
et al, 1993, 1994; Demirkesen et al, 1995; Biernat et al,
1996; Onishi and Watanabe, 1997; Scho¨n et al, 1999; Onishi
et al, 2002). It should be mentioned, however, that in none of
the previous studies has the full complement of these kera-
tins been investigated simultaneously and in all segments of
the sweat gland. In this study, we used (with few excep-
tions) several antibodies against each of the individual
keratins (see Materials and Methods) and obtained essen-
tially comparable results. Moreover, we prepared vertical
sections of plantar skin, which is particularly rich in rather
large sweat glands and displays a likewise prominent
acrosyringium. Special attention was paid to the correct
identification of the various portions of the duct, in partic-
ular, those of the intradermal duct and the sweat duct ridge,
respectively. This was accomplished by phase contrast or
differential interference contrast (DIC) microscopy of the
critical regions and by counting the number of cell layers
Figure 4
Double-label indirect immunofluorescence studies on the location of keratins in eccrine sweat glands using the K1b expression in luminal
duct cells as a reference. (A) K1b (red), K1 (green): K1 is absent from the secretory and intraglandular duct (A/1-2), but occurs in single peripheral
cells of the intradermal duct (A/3-4, below the arrowhead). It becomes continuous in the sweat duct ridge (A/3-4, above the arrowhead; A/4) and the
upper acrosyringium, where K1-positive peripheral duct cells are apposed to likewise K1-positive epidermal keratinocytes (A/4-5 and inset). (B) K1b
(red), K10 (green): K10 is co-expressed with K1b in luminal cells of most (merged yellow), but not all (red, white arrow) sections through the
intraglandular duct (A/1-2). Luminal K1b/K10 co-expression continues in the intradermal duct up to the acrosyringium (B/3–B/4-5). In the upper
portion of the intradermal duct, single peripheral cells also start to express K10 (B0/3), whereas in the sweat duct ridge, peripheral K10 expression
becomes continuous (B/4 and lower portion of B/4-5) and remains so in the upper intraepidermal duct (B/4-5). (C) K1b (red), K5 (green): K5 occurs in
both myoepithelial cells of the secretory portion (sp) and in peripheral cells of the intraglandular duct. It is co-expressed with K1b in luminal cells
(merged yellow) in most (closed arrow), but not all sections of the intraglandular duct (open arrow; C/1-2). Peripheral K5 expression alone and co-
expression with K1b in luminal cells (merged yellow) is maintained in the intradermal duct (C/3, C0/3), whereas in the sweat duct ridge, luminal K5
expression is downregulated (C/3-4, open arrowhead, and lower portion of C/4-5) and is absent from the mid-intraepidermal duct, in which K5-
positive peripheral duct cells are apposed to likewise K5-positive epidermal keratinocytes (C/4-5). (D) K1b (red), K14 (green): K14 expression is
identical in all aspects to that of K5 (cf. C with D/1-2–D/4), including the occurrence of intraglandular duct segments exhibiting either luminal co-
expression with K1b (closed arrows) or luminal K14 expression alone (open arrow, D/1-2). In the upper acrosyringium, where K14 expression in
epidermal keratinocytes ceases, K14 expression is lost from peripheral duct cells (C/4-5, open arrows). Although not shown in (C), this also holds
true for K5. For panel (D/4), (E–K) K1 (green), K5 (red): panels E/3–F/4 depict a section through the intradermal duct and the sweat duct ridge of a
sweat gland in which a focal K1 expression in K5-positive peripheral cells of the lowermost, bilayered duct segment (merged yellow in E/3) is
opposed to a regular K1 expression in K5-positive intermediate cells (merged yellow in F/4) of an extended three-layered duct segment whose outer,
K5-positive cell layer is continuous with the basal epidermal cell layer of the sweat duct ridge (F4). Panels G3–K4 show a similar section of another
sweat gland, in which the bilayered proximal segment of the intradermal duct with focal K1 expression in peripheral cells (merged yellow in G3, G03,
left part of H/3-4 and cross section in I/3) is much longer than the adjacent three-layered ductal segment (arrowheads in H/3-4 and the magnification
J/3-4) with continuous K1 expression in intermediate cells (merged yellow). Panel K4 shows another three-layered duct segment near the fusion with
the sweat duct ridge. Micrographs by confocal laser scanning microscopy; scale bars: 100 mm.
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or DAPI-stained nuclei around the lumen of the ductal
structure.
In the following, we will only refer to previous studies
from other laboratories in those cases where we noticed
deviations from the reported expression patterns. Our re-
sults are indicated in Figs 4 and 5, and are further summa-
rized schematically in Fig 6A. In this scheme, the eccrine
sweat gland has been divided into the five segments al-
ready outlined in Fig 2, except that the intraglandular duct
portion (Fig 6A/2) has been spatially separated from the
secretory globule (Fig 6A/1). The various panels of Figs 4
and 5 are indicated by capital letters that stand for a series
of experiments with a distinct antibody or combinations of
antibodies. Furthermore, they are designated by the num-
bers assigned to the sweat gland segments in Fig 6A, in
order to indicate the respective tissue unit analyzed.
Throughout the study, keratin K1b is labeled in red, where-
as the second keratin investigated is stained in green.
Double-label IIF using the K1b and K1 antibodies con-
firmed the expression of K1b in luminal cells of the coiled
intraglandular duct region, whereas secretory elements re-
mained unstained (Fig 4A/1-2). As a rule, the analysis of the
intradermal duct region revealed sections in which only
luminal K1b expression could be seen, whereas others ex-
hibited the additional presence of randomly scattered K1-
positive peripheral cells as shown in the portion below the
open arrowhead in the longitudinal section of Fig 4A/3-4. In
contrast, the portion above the open arrow in Fig 4A/3-4
clearly contained a contiguous K1-positive peripheral cell
layer, whereas luminal K1b expression was maintained and
sharply demarcated from the K1-positive peripheral cells.
DIC analysis of the corresponding section clearly revealed
that this upper part of the duct was lined by an additional
outer cell layer. The K1b/K1 expression pattern of peripheral
and luminal cells of the sweat duct ridge (Fig 4A/4) was then
strictly preserved in the upper acrosyringium, in which the
K1b-positive luminal duct cells were generally apposed to
both K1-positive peripheral duct cells and suprabasal ep-
idermal keratinocytes of the plantar epidermis (Fig 4A/4-5,
cf. Fig 6C).
Results obtained with the antibody combination K1b/
K10, i.e. the type I partner of K1 in differentiating cells of
stratified keratinizing epithelia, are shown in Fig 4B. As de-
scribed above, all intraglandular duct structures exhibited
luminal K1b expression (Fig 4B/1-2). Surprisingly, some
ductal structures displayed luminal K1b expression alone
(Fig 4B/1-2, arrow), whereas the majority showed co-ex-
pression with K10. The luminal K1b/K10 co-expression was
preserved in the intradermal duct, whereas peripheral cells
of this segment exhibited a K10 expression scenario com-
parable with that observed for K1, i.e. rare regions from
which K10 was either absent (Fig 4B/3) or, more frequently,
present in only single cells of the upper portion (Fig 4B0/3).
Once again, K10 expression became contiguous in periph-
eral cells of the sweat duct ridge (Fig 4B/4, and lower por-
tion of 4B/4-5) and in the upper acrosyringium as shown by
the apposition of K1b/K10 co-expressing luminal cells to
K10-positive peripheral duct cells and suprabasal epider-
mal keratinocytes (upper portion of Fig 4B/4-5, cf. Fig 6C).
The combination of the K1b antibody with that of K2e, i.e.
the uppermost epidermal keratin, gave rise to only the K1b
pattern in luminal duct cells and left an unstained peripheral
duct layer apposed to upper K2e-positive epidermal kera-
tinocytes in the acrosyringium, thus indicating that K2e is not
expressed in eccrine sweat glands (results not shown).
Double-label studies using the K1b antibody and an an-
tibody against K5, i.e., the keratin expressed in the basal
and parabasal layers of stratified keratinizing epithelia, are
shown in Fig 4C. In the intraglandular duct, we observed
few sections in which both peripheral and luminal cells were
only positive for K5 (Fig 4C/1-2, open arrow), whereas
most of them showed co-expression of K5 and K1b in
luminal cells (Fig 4C/1-2, closed arrow). In addition, K5
proved to be the first keratin that was expressed in myo-
Figure 5
Double-label indirect immunofluorescence studies on the location of keratins in eccrine sweat glands using the K1b expression in luminal
duct cells as a reference. (A) K1b (red), K6 (green): K6 is expressed in secretory cells of the gland and rarely in luminal cells of the intraglandular
duct (arrow and inset, A/1-2). Most of the intraglandular duct sections, however, exhibit weak K6 expression alone in peripheral cells and K6/K1b co-
expression (merged yellow) in luminal cells (A/1-2). This type of K6/K1b expression is maintained in the intradermal duct (A/3), and the sweat duct
ridge (lower portion of A/4-5), whereas in the upper acrosyringium, in which K6 expression is lost in epidermal keratinocytes (open arrowhead), the
expression of the keratin also disappears from peripheral duct cells (closed and open arrows, A/4-5). (B) K1b (red), K16 (green): The expression of
K16 is essentially identical to that of K6 (cf. A) except that its expression in peripheral duct cells occurs slightly earlier than that of K6 (B/4-5). (C) K10
(green), K17 (red): K17 occurs in myoepithelial cells of the secretory portion, and is co-expressed with K10 in luminal cells of the intraglandular duct
(merged yellow, C/1-2) up to the sweat duct ridge and the upper acrosyringium (merged yellow, C/4-5). The sweat duct region with K17 expression in
basal epidermal cells (red), K10 expression in peripheral duct cells (green) and K17/K10 c-expression in luminal duct cells (merged yellow) are shown
in the inset of (C/4-5). (D) K1b (red), K19 (green): K19 occurs in secretory cells of the gland (D/1-2) and is co-expressed with K1b in luminal cells of
the intraglandular duct up to the acrosyringium (merged yellow, D/1-2–D/4-5). (E–F) The expression of keratins K8 and K18 is restricted to secretory
cells of the gland (E/1-2 and F/1-2). (G–I) Keratin K15 occurs strongly in secretory cells of the gland (G–I) and is weakly expressed in luminal cells of
rare intraglandular duct sections (closed arrows in G, H, H0), whereas most of these sections are negative for K15 (open arrows in G, H, H0, I). (J–K)
K1b (red), K9 (green): In plantar epidermis (J), K9 is expressed in suprabasal keratinocytes (sb), which are apposed to K9- and K1b-negative
peripheral duct cells (open arrow) and K1b-positive luminal duct cells (lc). In scalp epidermis (K), K9-positive cells are more or less distantly located
around the duct of the acrosyringium (ac), whereas the remaining epidermal keratinocytes of this type of epidermis are K9-negative. (L) Expression
of K1b in axillary skin sections is seen in the ducts of eccrine glands, but not in that of apocrine sweat glands. Apocrine glands can be distinguished
from eccrine glands by the considerably larger lumen of their secretory portions. (M–P) In a section through the transitional region between the
secretory portion (M/1, below the closed arrowheads) and the intraglandular duct (M/1, above the closed arrowheads), the proliferation marker Ki-67
cannot be detected in secretory cells, but occurs in both peripheral (M/1, open arrows) and luminal cells (M/1, closed arrows) of the intraglandular
duct. The stop-arrow in M/1 points to the cuticle of luminal cells, which is visible as a dark band that faces the lumen (lu) of the intraglandular duct in
the corresponding phase contrast picture of M0/1. In the intradermal duct, Ki67 is detectable only in peripheral cells (N/3, open arrow). In the sweat
duct ridge, proliferation is restricted to basal epidermal cells (O/4 and lower portion of P/4-5, white arrow), whereas peripheral duct cells are negative
(open arrow in P/4-5). (A/1-2–J and M/1–P/4-5), sections of plantar skin. (H0, M/10, and O/40), phase contrast micrographs of H, M/1, and O/4,
respectively. Nuclei in (G–P) are stained with DAPI. acr, acrosyringium. Dotted lines, basal lamina. Micrographs by confocal laser scanning (A–F) and
conventional microscopy (G–P); scale bars: 100 mm. For further abbreviations, see Figs 3 and 4.
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epithelial cells (Fig 4C/1-2). The K1b/K5 co-expression pat-
tern in the intraglandular duct was then maintained along
the intradermal duct (Fig 4C/3 and C0/3), although slightly
before its entrance into the sweat duct ridge, K5 expression
in luminal cells appeared to become downregulated (Fig 4C/
3-4, open triangle). Thus, luminal cells in this region as well
as in the adjacent acrosyringium were only positive for K1b
and became sharply demarcated from the K5-positive pe-
ripheral ductal cells as well as the surrounding epidermal
keratinocytes of the plantar epidermis (upper portion of Fig
4C/4-5, cf. Fig 6C). Higher up in the acrosyringium, when
the expression of K5 ceased in epidermal cells (cf. Fig 6C),
we also noticed that peripheral cells of the duct became
negative for K5 (results not shown).
Not surprisingly, the combination of antibodies against
K1b and K14, normally the type I partner of K5-positive cells
of stratified epithelia, led to an exact duplicate of the K1b/
K5 expression patterns in all segments of the sweat gland
(Fig 4D/1-2 and 4-5). This included the occurrence of rare
sections exhibiting K14-positive peripheral and luminal cells
in the intraglandular duct (Fig 4D/1-2, open arrow) and the
cessation of K14 expression in luminal cells of the sweat
duct ridge (not shown), as well as in peripheral cells of the
upper acrosyringium (Fig 4D/4-5, arrows).
The expression of K5 and K14 in both peripheral and
luminal cells of almost the entire sweat duct provided us
with the opportunity to re-investigate more precisely the
particular expression patterns of K1 and K10 in peripheral
cells of the intradermal duct and the sweat duct ridge by
means of double-label studies using K5- or K14-specific
antibodies in combination with the antibodies against K1
and K10, respectively. In an exemplary manner, these stud-
ies are shown in Fig 4E/3–K/4 for the combination K5 (red)/
K1 (green). Figures 4E/3–F/4 depict a longitudinal section
through the intradermal duct and the sweat duct ridge. In
the proximal intradermal duct, K5 was expressed through-
out luminal and peripheral cells, whereas K1 occurred
focally in peripheral cells (Fig 4E/3, merged yellow). Sur-
prisingly, after a short interruption of the section because of
a curvature of the duct, the reappearing duct shown in the
Figure 6
Expression schemes of keratins in the various segments of the eccrine sweat gland and in plantar epidermis. (A) Expression of keratins in the
eccrine sweat gland. (B) Sequential expression of keratins in luminal and peripheral cells of the eccrine sweat gland duct. (C) Sequential expression
of keratins in plantar epidermis. a, Luminal K1b expression starts in the mid- to upper intraglandular duct; b, whereas that of K10 occurs slightly
later; c, K15 expression is restricted to only a short segment of the most proximal region of the intraglandular duct; d, K1 and K10 expression occurs
only in single cells; e, K6 and K16 expression occurs focally in the secretory portion. Dashed arrows in (B) indicate slight variations in the expression
range of the respective keratins.
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left part of Fig 4F/4, clearly exhibited a conspicuous change
in that now a solely K5-positive outermost cell layer sur-
rounded an intermediate layer whose cells co-expressed K5
and K1 throughout (Fig 4F/4, merged yellow) and were ap-
posed to an inner layer of K5-positive luminal cells. It can
easily be seen that this pattern was maintained along the
entire duct up to its fusion with the sweat duct ridge, whose
K5-positive basal epidermal cells were clearly continuous
with the outermost K5-positive ductal cell layer. A similarly
extended three-layered ductal segment could also be dem-
onstrated in Fig 4D/4 by double-label IIF with the K14
(green) and K1b antibodies (red; merged yellow in luminal
cells). Unexpectedly, the analysis of a large number of lon-
gitudinal sections through the dermal duct revealed that the
scenario shown in Fig 4E/3 and F/4 represented only one
extreme of a large spectrum of variations regarding the ex-
tension of the K5-positive outer cell layer along the dermal
duct. Although in Fig 4E/3–F/4, this layer occurred along
almost the entire intradermal duct, the K5/K1 expression
studies shown in Fig 4G/3–H/3-4 demonstrated that in this
case, over most of its length, the dermal duct was clearly
bilayered with a focal K1 expression in peripheral cells (Fig
4G/3 and G0/3 and the cross-section in Fig 4I/3). In contrast,
the sudden onset of the formation of a K5-positive outer
layer concomitant with the appearance of a K5/K1-positive
intermediate layer was shifted considerably toward the
sweat duct ridge (arrowheads and merged yellow in Fig 4H/
3-4 and J/3-4, with Fig 4K/4 showing a similar situation in
another sweat duct). Unfortunately, because of the tenden-
cy of the uppermost duct to adopt an undulated form just
before its fusion with the sweat duct ridge, the continuity of
the K5-positive outer cell layer with basal epidermal cells of
the sweat duct ridge could not be shown in the same man-
ner as that observed in Fig 4F/4. As a whole, our studies
showed, however, that independent of the relative length of
the three- and bilayered duct portions, respectively, a con-
tinuous K1 expression in peripheral cells was invariably re-
stricted to the three-layered segment.
The subsequent use of antibodies against keratins K1b
and K6 demonstrated that this keratin was focally present in
secretory cells of the gland (Fig 5A/1-2), although not all
sections through the secretory globule were positive for K6
(results not shown). Moreover, K6 exhibited a rare expres-
sion in only luminal cells of the intraglandular duct (Fig 5A/1-
2, arrow and inset), whereas most of the sections of this
segment showed luminal co-expression of K6 and K1b in
addition to a weak K6 expression in peripheral cells (Fig 5A/
1-2). Most probably, the rare intraglandular duct portions
that showed only K6-positive luminal cells corresponded to
those in which no K1b transcripts could be detected in Fig
3B as well as to those in which K5 and K14 were expressed
in both peripheral and luminal cells (Fig 4C/1-2 and D/1-2).
All in all, these results were in variance with those obtained
by Demirkesen et al (1995). Despite the use of the same
antibody (KA12), these authors did not report weak K6 ex-
pression in both secretory cells and peripheral duct cells.
Luminal K1b/K6 co-expression and weak peripheral K6 ex-
pression was then preserved in the intradermal duct (Fig 5A/
3), and were also observed in the sweat duct ridge and the
lower acrosyringium. This is shown by the direct apposition
of K1b/K6 co-expressing luminal cells to K6-positive pe-
ripheral duct cells and epidermal keratinocytes (Fig 5A/4-5).
In contrast, in the upper portion of the acrosyringium, in
which K6 expression in keratinocytes of the primary ridges
of plantar epidermis disappeared (Fig 5A/4-5, open arrow-
head, cf. Fig 6C), in a manner similar to K5 and K14, keratin
K6 could no longer be observed in peripheral cells of the
duct (Fig 5A/4-5, closed and open arrows).
The double-label study for keratins K1b and K16, i.e. one of
the type I partners of K6, revealed an expression pattern that
was identical in virtually all aspects to that of K1b/K6, includ-
ing the occurrence of intraglandular duct sections in which
only luminal cells were positive for K16 (Fig 5B/1-2, arrow)) as
well as the weak K16 expression in peripheral cells of the
intraglandular (Fig 5B/1-2) and the intradermal duct (Fig 5B/3),
which, in contrast to that of K6, seemed to disappear already
in the sweat duct ridge instead of the upper acrosyringium
(Fig 5B/4-5). Once again, our findings were in variance with
the reported expression of K16 in only luminal duct cells of
eccrine sweat glands of plantar mouse skin (Bernot et al,
2002), but confirmed its focal expression in secretory cells
of human eccrine sweat glands (Broekaert et al, 1990).
As, at least in the intraglandular and intradermal duct, in
most aspects, keratin K10 exhibited essentially the same
expression pattern as K1b (see Fig 4B/1-2 and B/3), we
analyzed the expression of K17 (red), i.e., another type I
partner of K6, relative to that of K10 (green). Fig 5C/1-2
shows that similar to K6 and K16, keratin K17 was a con-
stituent of luminal cells of the intraglandular duct, where it
was co-expressed with K10. Unlike K6 and K16, keratin K17
could not be detected in peripheral cells. Moreover, K17
was strongly expressed in myoepithelial instead of secre-
tory cells of the gland. K17 expression in myoepithelial cells
has already been reported in sweat glands of mouse plantar
skin (Bernot et al, 2002). Upon careful screening of a mul-
titude of sections, we detected intraglandular duct portions
exhibiting K17 expression in the absence of K10 (results not
shown). The co-expression of K17 and K10 in luminal cells
continued along the entire intradermal duct (not shown) and
the sweat duct ridge (Fig 5C/4-5, inset, merged yellow), in
which K10 was induced in peripheral cells (Fig 5C/4-5, inset,
green) which in turn were surrounded by K17-positive basal
epidermal cells (Fig 5C/4-5, inset, red). The specific ex-
pression of K17 in basal cells of primary ridges of plantar
epidermis has previously been demonstrated by Swensson
et al (1998). In the upper acrosyringium around which K10
expression was induced in suprabasal epidermal cells (cf.
Fig 6C), the K17/K10 co-expressing luminal duct cells
(merged yellow) were then surrounded by both K10-ex-
pressing peripheral duct cells and epidermal keratinocytes
(Fig 5C/4-5, upper portion, green).
Double-label studies with the K1b and K19 antibodies
also showed that these keratins were specifically co-ex-
pressed in luminal cells of virtually all ductal segments in-
cluding the acrosyringium (Fig 5D/1-2–4-5). Similar to K5,
K14, K6, K16, and K17, keratin K19 could be seen alone in
luminal cells of intraglandular ducts portions (not shown). In
addition, K19 occurred throughout in secretory cells of the
gland (Fig 5D/1-2).
Investigations with antibodies against the ‘‘simple’’ ep-
ithelial keratins K8 and K18 showed that similar to the spe-
cific restriction of K1b to the ductal unit of the eccrine sweat
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gland, the expression of these keratins was strictly confined
to the two types of secretory cells of the glandular globule
(Fig 5E/1-2 and F/1-2). Unlike Kurokawa et al (1988), who
reported a stronger K18 staining in clear cells compared
with dark cells, we confirmed results obtained by Moll and
Moll (1992), who found a uniformly strong K18 staining in
the whole population of secretory cells. Moreover, in line
with a large body of previous investigations (Eckert et al,
1992; Moll and Moll, 1992; Watanabe et al, 1993; Demirke-
sen et al, 1995; Biernat et al, 1996; Onishi and Watanabe,
1997; Scho¨n et al, 1999; Onishi et al, 2002), the expression
of keratin K7 was restricted to secretory cells of the gland
(results not shown).
The expression of keratin K15 in eccrine sweat glands
has not been analyzed previously by means of specific an-
tibodies. Using antibody CK8.12, which recognizes keratins
K13, K15, and K16, Kurokawa et al (1988) described a pos-
itive reaction in clear but not dark cells of the secretory
globule. These results are difficult to interpret given that K16
occurred in secretory cells (cf. Fig 5B/1-2). Moreover, Moll
and Moll (1992), using the K13 antibody MoAb1C7, reported
on a specific expression of this keratin in clear cells, whereas
we were unable to confirm this by means of antibody Ks13.1
(results not shown). In this study, we therefore used the K15
antibody LHK15, which specifically recognizes stem cells in
the hair follicle bulge (Lyle et al, 1998). As both Kurokawa
et al (1988) and Moll and Moll (1992) only obtained evidence
for potential K15 expression in the secretory globule, we
analyzed the K15 antibody in the absence of the K1b an-
tibody. Figure 5G shows that K15 was indeed strongly ex-
pressed in clear cells of the secretory globule. In addition,
we noticed a positive label in rare sections through the in-
traglandular duct in which K15 was specifically expressed in
luminal cells (Fig 5G–H0, closed arrows), whereas it was ab-
sent from luminal cells of immediately adjacent ductal por-
tions (Fig 5F and G, open arrows) and could not be seen at
all in the intraglandular duct portions shown in Fig 5H and in
the intradermal duct as well (data not shown). We suspect
that the K15-positive luminal region of the intraglandular
duct corresponds to that in which K5, K14, K6, K16, K17,
and K19 are specifically expressed in the absence of K1b
(Fig 5A/1-2 and B/1-2; and Fig 3B). At present, nothing is
known about the location of stem cells in the adult eccrine
sweat gland, although it is tempting to speculate that the
transitional region between the secretory and the ductal
portion of the gland might represent a protected niche for
pluripotential cells able to differentiate into the various layers
of the secretory globule and the sweat duct. Based on the
expression in the entire clear cell population and in proximal
luminal duct cells, however, keratin K15 does not seem to be
a stem cell marker in eccrine sweat glands.
Previously, it has been shown that the type I keratin K9
was strongly expressed in suprabasal cells of primary pap-
illary ridges of human plantar epidermis, whereas its ex-
pression was distinctly weaker in the secondary ridges
(Swensson et al, 1998). The K9 expression in primary ridges
was not even, but frequently interrupted around K9-nega-
tive cell columns passing vertically through the epidermis
and representing the intraepidermal duct of eccrine sweat
glands (Moll et al, 1987; Langbein et al, 1993; Swensson
et al, 1998). Double-label IIF with K9 and K1b antibodies on
plantar skin sections (Fig 5I and J) clearly confirmed the
presence of an unstained layer of peripheral cells of the
acrosyringium that was located between the K1b-positive
luminal cells and the K9-positive keratinocytes of the upper
plantar epidermis (cf. Fig 6C). In accordance with earlier
studies (Moll et al, 1987), K9-positive epidermal keratin-
ocytes around the upper acrosyringium of eccrine sweat
glands could be demonstrated in skin sections of various
body sites. Unlike the K9-positive plantar epidermis, how-
ever, scalp sections revealed only a few K9-positive cells,
which were arranged either in close apposition to unstained
peripheral cells of the intraepidermal duct or scattered more
or less distantly around this ductal unit (Fig 5K).
Finally, in order to verify whether K1b was expressed in
other glandular tissues, we first investigated axillary skin,
known to contain both eccrine and apocrine sweat glands.
As shown in Fig 5L, K1b was present in luminal cells of the
eccrine sweat gland duct, but was completely absent from
both the secretory globule, easily recognizable by the con-
siderably larger lumen, and intraglandular duct structures of
apocrine glands, as well as from its entire upper duct seg-
ments (not shown). This was also true for a large number of
other glands and epithelial tissues as well as a variety of cell
lines, which are indicated in Materials and Methods.
Discussion
After having elucidated the complex keratin expression in the
human hair follicle (Winter et al, 1998; Langbein et al, 1999,
2001, 2002a, 2003) and the nail unit (Perrin et al, 2004), we
provide, in this study, a detailed description of the keratin
expression in the secretory and excretory portions of the
adult eccrine sweat gland. The starting point of our study
was the discovery of a novel type II epithelial keratin, K1b,
which proved to exhibit virtually no expression site in the
human body other than in luminal cells of the entire eccrine
sweat duct. Using the K1b expression in these cells as a
reference pattern for co-expression studies with antibodies
against the plethora of sweat gland keratins known from
previous studies (Kurokawa et al, 1988; Broekaert
et al, 1990; Wollina et al, 1990a, Moll and Moll, 1991, 1992;
Tsubura et al, 1991; Wollina, 1991; Yoneda et al, 1991; Eckert
et al, 1992; Watanabe et al, 1993, 1994; Demirkesen et al,
1995; Biernat et al, 1996; Onishi and Watanabe, 1997; Scho¨n
et al, 1999; Onishi et al, 2002), as well as of further keratins,
we were able to provide new insights into the differentiation
pathways and the function of both the peripheral and the
luminal cell layers of the sweat duct of eccrine sweat glands.
Our expression studies (summarized schematically in Fig
6A and B) revealed that the adult eccrine sweat gland con-
tains a crucial cell region around the transition of the se-
cretory globule and the excretory intraglandular coiled duct,
from which specific keratin patterns originate and proceed
toward the respective cell layers of the two main tissue units
of the gland. Throughout, the outer myoepithelial cells of the
secretory globule express keratins K5, K14, and, peculiarly
enough, K17 without its normal type II partner K6. While
the keratin pattern in myoepithelial cells is relatively simple,
those of the remaining tissue compartments are unusually
complex considering that they also represent single epithe-
lial cell layers. Thus, the inner layer of alternating secretory
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dark and clear cells contains a total of seven keratins (K6,
K16, K15, K8, K18, K7, K19). In the excretory duct, periph-
eral cells express six keratins (K5, K14, K1, K10, and low
amounts of K6 and K16). Finally, with a total of nine keratins,
the cells of the luminal layer exhibit one of the most complex
keratin patterns known at present for a single epithelial cell
layer. Besides the novel keratin K1b, they accumulate kera-
tins K10, K5, K14 as well as keratins K6, K16, K17, K15, and
K19 (Fig 6A). As such, the complexity of keratin expression
in a luminal cell of the sweat duct is only outnumbered by
that of cortex cells of the hair follicle, in which up to 12
different keratins may accumulate per cell (Langbein et al,
2001). Moreover, considering the temporary K4 and K13
expression in developing sweat glands during embryogen-
esis (Moll and Moll, 1992), except for K2e, K9 (this paper),
K3, K12, and K20 (Eckert et al, 1992; Moll and Moll, 1992),
this smallest adnexal organ of the skin exhibits an unprec-
edented differential expression of virtually all of the ‘‘clas-
sical’’ epithelial keratins.
Unlike the secretory globule in which each cell type
present in the two layers invariably expresses its constituent
keratins throughout, the two ductal cell layers clearly display
a sequential expression of their constituent keratins. This is
particularly evident in the peripheral layer of the sweat duct in
which cells of the proximal intraglandular duct immediately
adjacent to the secretory globule start to express K5/K14
and K6/16. Peripheral cells of the lowermost intradermal duct
continue to express these keratins, but higher up, exhibit a
focal expression of K1 and K10. In contrast, as soon as the
intradermal duct enters the epidermis to form the sweat duct
ridge, K5 and K14 expression gradually ceases concomitant
with the onset of a continuous expression of K1 and K10
throughout the peripheral cells. At the transition of the sweat
duct ridge and the mid-acrosyringium, the expression of K6
and K16 is downregulated so that K1 and K10 represent the
major keratins of peripheral cells of the upper acrosyringium
(Fig 6A and B).
Remarkably, the pattern of sequential K5/K14, K6/K16,
and K1/K10 expression in the vertically ascending peripheral
cell layer has many aspects in common with the hyperpro-
liferative epidermis, in which K5/K14 expression occurs in a
largely extended ‘‘basal compartment’’ where it overlaps with
that of K6, K16, and also K1/K10 (Stoler et al, 1988; Cou-
lombe et al, 1989; Kopan and Fuchs, 1989; Thewes et al,
1991; Ishida-Yamamoto et al, 1992, 2002; Leigh et al, 1995;
Corden and McLean, 1996; Rao et al, 1996; Paramio et al,
1999). Moreover, the proliferative properties of the two tis-
sues are also comparable. Similar to basal as well as sup-
rabasal mitotic activity in the hyperproliferative epidermis,
our investigations with the Ki67 antibody show that prolifer-
ative peripheral cells are not only scattered throughout the
intraglandular duct (Fig 5M/1 and M/10, open arrows), but, in
accordance with previous investigations (Wollina et al,
1990b; Tsujita-Kyutoku et al, 2003), also within the entire in-
tradermal duct up to the sweat duct ridge (Fig 5N/3, open
arrows). In this respect, the peripheral cell layer of the sweat
duct strongly differs from other vertically ascending single
epithelial layers of epidermal appendages, such as the com-
panion layer and the three layers of the IRS of the hair follicle,
in which proliferative activity is restricted to the base of the
respective layer (Weinstein and Mooney, 1980; Wollina 1992;
Commo and Bernard, 1997; Tsujita-Kyutoku et al, 2003; Xu
et al, 2003; Gho et al, 2004). Considering that K1 and K10 are
also focally expressed in peripheral cells of the intradermal
duct (Fig 4E/3–F/3-4), this leads to the unique situation that
cells in this segment of the duct that have already begun to
differentiate move upward along with adjacent proliferative
cells. Loss of proliferative capacity concomitant with contin-
uous K1/K10 expression in peripheral cells occurs at the en-
try into the sweat duct ridge in which only the surrounding
basal epidermal cells are now positive for Ki67 (Fig 5O/4 and
lower part of 5P/4-5). In this region, K1 and K10 are, however,
still weakly co-expressed with K5/K14 and K6, so that ter-
minal differentiation of peripheral cells, as revealed by K1/
K10 expression alone along with the formation of keratohya-
lin granules (Hashimoto et al, 1965), is initiated only in the
mid- to upper acrosyringium. It is, however, noteworthy that
the terminal differentiation of peripheral duct cells of the
acrosyringium begins earlier than that of the surrounding
epidermis in which granular cells are located higher up than
those of peripheral duct cells (Hashimoto et al, 1965).
Remarkably, our K5/K1 co-expression studies showed
that, occasionally, the normally bilayered intradermal duct
composed of peripheral and luminal cells abruptly adopted
a three-layered appearance of variable length in that K5-
positive outer cells surrounded K5/K1-co-expressing ‘‘in-
termediate’’ cells, which were apposed to inner K5-positive
luminal cells (Fig 4E/3 and F/4). Based on earlier K1 ex-
pression studies, such a regional thickening of what was
suspected to represent the upper, but also the middle and
even lower intradermal duct, has also been reported by
several authors (Yoneda et al, 1991; Eckert et al, 1992;
Demirkesen et al, 1995). Although, in most cases, the ques-
tion where the ‘‘intermediate’’ cells of the intradermal duct
come from was not addressed, some authors suggested
that they may be derived from horizontal cell divisions of
peripheral cells (Yoneda et al, 1991), so that all cells of a
three-layered intradermal duct segment would be of ductal
origin. Our K5/K1 double-label studies have, however,
clearly shown that already in the bilayered intradermal duct,
vertical differentiation processes occur in the peripheral cell
layer in that focally, K5-positive cells undergo differentiation
into K1-expressing cells (Fig 4E/3, G/3–H/3-4). Thus, in or-
der to explain the sudden occurrence of a three-layered
intradermal duct according to the above hypothesis, this
established vertically oriented peripheral cell differentiation
must abruptly change into a horizontal one in order to build
up a K1-positive ‘‘intermediate’’ cell layer (for further details,
see Fig S1). Moreover, the variable extension of three-lay-
ered intradermal duct portions would further imply that the
sites of putative inward differentiation are randomly located
along the peripheral cell layer. Considering the low proba-
bility of such a scenario, in particular, for regulatory reasons,
we have no better explanation for the conspicuous conti-
nuity of the K5-positive basal epidermal cell layer of the
sweat duct ridge with the outermost cell layer along the
three-layered intradermal duct shown in Fig 4F/4, as that of
reflecting an extended sweat duct ridge. In embryonic plan-
tar skin, the sweat duct ridge represents the primordial
outgrowth of future eccrine sweat glands (Hashimoto et al,
1965), which arises from anlagen visible in the basal cell
layer of the epidermis at the tips of gradually developing
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primary epidermal ridges (Moll and Moll, 1992). It has pre-
viously been shown that during this initial stage, the down-
ward-growing cords are lined by K17-positive basal
epidermal cells (Moll and Moll, 1992), within which anlagen
cells gradually assemble into peripheral and luminal cells.
Our own K17 expression studies in mature footsole sweat
glands not only confirm the presence of this keratin in basal
cells of the sweat duct ridge region but also clearly show
that the latter are contiguous with the outermost cells of the
extended three-layered structure below (Fig 5C/4-5). As in
this study, K17 has never been found in peripheral duct
cells; in our opinion, this finding definitely excludes that the
outer cells of three-layered duct segments are peripheral
duct cells that might be the source for intermediate cells. As
such, these data clearly strengthen our view that those
structures represent extended sweat duct ridges.
In contrast to the pronounced sequential keratin expres-
sion in peripheral duct cells, that of luminal cells is less
evident, as it is exclusively confined to the intraglandular
duct region. In this small area K5, K14, K6, K16, K17, K19,
and K15 expression starts immediately adjacent to the se-
cretory portion. Although luminal K15 expression occurs
only over a small region of the intraglandular duct, that of
the remaining keratins continues together with the onset of
K1b expression, whereas that of K10 seems to lag behind
slightly (Fig 6A and B). Except for K5 and K14, whose ex-
pression becomes downregulated at the entry into the
sweat duct ridge, this complex keratin pattern is maintained
in luminal cells along the entire duct up to the opening of the
acrosyringium (Fig 6A and B). This scenario is in accord-
ance with the observation that morphologically, the upper-
most luminal cells appear distinctly less differentiated than
the corresponding peripheral cells (Hashimoto et al, 1965).
Although the sequential keratin expression in luminal
duct cells clearly speaks for a vertical differentiation path-
way within the respective layer, unlike peripheral cells, pro-
liferative luminal cells, necessary to maintain such a
differentiation pathway, have, up to now, never been dem-
onstrated (Hashimoto et al, 1965, 1966a, b; Montagna and
Parakkal, 1974; Abenoza and Ackerman, 1990; Wollina et al,
1990b; Munger 1997; Hurley, 2001). By serially sectioning a
multitude of secretory globules, we were able to detect a
sample in which the plane of section had ideally passed
through one end of the secretory coil (Fig 5M/1, below the
white arrowheads) and the beginning of the adjacent intra-
glandular duct (Fig 5M/1 and M/10, above the white arrow-
heads). Staining of this section with the antibody against the
proliferation marker Ki67 revealed labeled nuclei in both the
already mentioned peripheral duct cells (Fig 5M/10, open
arrows) but clearly also in luminal cells (Fig 5M/10, arrows).
Besides their position, their nature as luminal cells was fur-
ther confirmed by the presence of a dark, apical ‘‘cuticle’’
along the lumen (lu) of the intraglandular duct in the cor-
responding phase contrast presentation (Fig 5M/10, stop
arrow). Although compared with the peripheral cell layer, the
proliferative compartment of the luminal cell layer is dis-
tinctly smaller, these data provide compelling evidence for a
self-renewing capacity of the vertically differentiating lumi-
nal sweat duct cell layer. Similar to the exclusion of a pe-
ripheral duct cell differentiation into ‘‘intermediated’’ cells,
we therefore tend to decline the previously suspected hor-
izontal derivation of luminal cells from peripheral cells
(Yoneda et al, 1991; see also Fig S1).
To answer the question as to why two physically closely
linked cell layers exhibiting the same direction of cell mat-
uration show such pronounced differences in cell prolifer-
ation, we sought further features of the luminal cell layer that
might provide a clue to its seemingly lower regenerative
capacity compared with that of the peripheral cell layer. As
shown in the vertical section of Fig 3J, there is a prominent
gradient of K1b expression in luminal cells in that the keratin
is strongly concentrated at their periluminal side, whereas
the cytoplasmic staining toward peripheral cells becomes
more and more faint. This asymmetric keratin distribution,
which can also be observed for other keratins expressed in
luminal cells (Figs 4 and 5), is revealed even more conspic-
uously by K1b immunogold-labeling studies of sections
through the intradermal duct (Fig 7A and A0). Electron mi-
croscopy (EM) shows that this is because of a strong and
compact local concentration of tonofibrils that traverse the
cells perpendicular to the long axis of the sweat duct, and
are separated from the nucleus by a small sharply demar-
cated zone in which the density of tonofilaments is de-
creased to a level similar to that seen in the cytoplasmic
region facing the peripheral cells (Fig 7C and C0). In addition,
the apical borders of luminal cells bear abundant low mi-
crovilli containing plasma membranes that show a typical
unit membrane structure (Fig 7C0) (Ellis, 1967; Hurley, 2001).
This special apical region of luminal cells had already been
identified in 1874 by light microscopic studies by Heynold
and later by Schaffer (Fig 7B–B00), with Heynold coining the
name ‘‘cuticle’’ for the underlying structure (Heynold, 1874;
Schaffer, 1933).1 Laterally, luminal cells are tightly connect-
ed throughout by abundant desmosomes (Fig 7C0 and D,
large open arrows), which are particularly prominent and
numerous at the level of the cuticle (Fig 7C0–E, large black
arrows). Moreover, at the most apical region, the cells are
additionally sealed by a large body of tight junctional (TJ)
complexes, i.e. typical TJ ‘‘kisses’’, but also large extended
TJ structures (Fig 7C0 and F, open arrowheads). In contrast,
the boundary between luminal and the uniformly globular
peripheral cells is occupied by only a few and small des-
mosomes (Fig 7C0 and G, small black arrows) and generally,
this type of cellular connection holds true for the lateral
borders between adjacent peripheral cells (Fig 7H, small
open arrows) as well as for their hemidesmosomal anchor-
ing to the basal lamina (Fig 7H, black arrowheads).
It is obvious that the fundamentally different cellular fea-
tures of the two layers of the sweat duct reflect an adap-
tation to different functions as well as the external and
internal constraints exerted on them. Considering that, par-
ticularly in ridged epidermis, the acrosyringium opens like a
funnel on the crests of the epidermal ridges, it appears
reasonable to assume that both the fully differentiated cells
of the peripheral cell cylinder and the surrounding epidermal
corneocytes should be exposed to a comparable mechan-
1It should be emphasized that this structure is, however, not a
cuticle in the classical sense, since it represents an intracellular
formation and is not produced by extracellular secretion, as for
instance, the exocuticle of insects. It also differs from the ‘‘cuticle’’
of the hair and the inner root sheath, which designates distinct
single epithelial cell layers.
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ical wear and tear and thus be subject to essentially com-
parable shedding rates. As the acrosyringium is not a self-
renewing segment of the eccrine sweat gland (Lobitz et al,
1954; Christophers and Plewig 1973; Kanitakis et al, 1987),
peripheral cell loss at the surface of the epidermis is com-
pensated by an upward migration of proliferating cells in the
intradermal duct. It is clear that such a dynamic process
requires mobile cells whose migration is not hampered by a
tight anchoring to each other as well as to the adjacent
luminal cells and the lining basal membrane. In contrast, the
Figure 7
Fine structure of the sweat duct of eccrine sweat glands. (A, A0) Immunogold labeling reveals the asymmetric accumulation of K1b in the cuticle
(cu) of luminal duct cells (lc). Asterisks indicate the K1b-negative peripheral duct cells. (B, B0) The cuticle of luminal duct cells was first described by
Heynold (1874) and later (B00) by Schaffer (1933) (reproduced from the original figure plates). (C–H) Ultrastructurally, the eccrine sweat duct shows the
compact arrangement of keratin filaments in the cuticle (cu, boxed area in C and double-headed arrow in the higher magnification of C0). Pronounced
short microvilli (mv) at the apical portion of luminal duct cells are visible (C0), as well as numerous, partly long extended tight junctions between the
uppermost lateral borders of the cells (open arrowheads in C0 and F). Below the tight junctions there are prominent and numerous desmosomes, which
are also characteristic for the upper lateral borders of luminal cells (large arrows in C0, upper part of D, E, and lower part of F; lc1 and lc2). The
desmosomes between the distal borders of luminal cells (lc1 and lc2) are also numerous but considerably smaller (C0, D, lc1, and lc2, open large arrows).
In contrast, only a few and small desmosomes are seen between peripheral and luminal cells (C0, G, pc, and lc, arrows) and between peripheral cells as
well (H, pc1, and pc2, open arrows). Small hemidesmosomes between peripheral cells and the basal membrane are marked (H, arrowheads). nu,
nucleus; pc, peripheral duct cells; BM, basal membrane. Scale bars: 10 mm (A, B, G, H), 2 mm (D, C0), 0.5 mm (D), 0.2 mm (E), 0.05 mm (F).
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main function of the inner luminal cells of the sweat duct
consists in the stringent exclusion of sweat penetration into
and through the duct and, in addition, the maintenance of
the patency of the ductal lumen. Therefore, beginning in the
intraglandular duct, luminal cells start to develop their apical
cuticle, in which an unusually high number of different kera-
tins build up a mass of horizontally oriented IF bundles that
are interconnected from cell to cell by large and numerous
desmosomes forming a stable circular continuum that is
regularly staggered along the entire duct. As luminal cells
are also sealed by numerous desmosomes along their lat-
eral borders and, in addition, form prominent apical tight
junctions, they ultimately produce a highly compact and
impenetrable cylinder that is ideally suited to fulfill its phys-
iological function of sweat transport. This said, it is con-
ceivable that a high cell turnover in the luminal layer, which
would imply continual and elaborate re-organization of the
complex apical cuticle in the newly provided cells, would
certainly affect its stability and tightness and, therefore,
render it temporarily vulnerable to the penetration of sweat.
Moreover, as the uppermost luminal cells are visibly less
differentiated than the neighboring peripheral cells (Hashi-
moto et al, 1965), they most probably do not degrade their
cell-to-cell connections to the same degree as the upper-
most peripheral cells. In addition, the upper luminal cells are
distinctly more protected from mechanical stress, as upper
peripheral cells through their slightly lower location in the
funnel-shaped orifice of the acrosyringium. It is therefore
reasonable to assume that luminal cells are less frequently
shed than peripheral cells, so that under normal conditions,
a few proliferative luminal cells found at the very base of the
intraglandular duct are sufficient to sustain the structural
integrity of the luminal sweat duct layer.
Collectively, we believe that our study provides an ex-
haustive report on the keratin expression in human eccrine
sweat glands. Although, with the notable exception of myo-
epithelial cells, as a general feature, the various tissue units
of the sweat gland are remarkable by their unusually complex
keratin patterns, each of them contains at least one keratin
family member that may serve as a tissue-specific marker
within the gland. Thus, secretory cells of the gland specif-
ically express K8, but also its type I partner K18, whereas K1
represents a typical constituent of the peripheral layer of the
sweat duct. The most specific marker protein is the novel
keratin K1b. Unlike K8, K18, and K1, which are also ex-
pressed elsewhere; its expression is exclusively restricted to
luminal cells of the sweat duct. As such, these keratins, and
in particular K1b, are ideally suited for investigations on the
origin of benign and malignant tumors, such as poromas,
syringomas, cylindromas, and spiradenomas that arise from
the eccrine sweat gland (manuscript in preparation).
Materials and Methods
Tissues and cultured cells The investigated tissues were ob-
tained during surgery for medical reasons or from cadavers during
pathological investigations (Institutes of Pathology, Universities of
Heidelberg and Strasbourg) under institutional approval and in-
cluded adherence to the Declaration of Helsinki. Patients gave their
consent for tissue samples. Immediately after excision, the tissues
were snap-frozen in liquid nitrogen-precooled isopentane and
stored at –701C (for details, see Langbein et al, 2004). Human skin
from various body sites (i.e. scalp, arm, leg, axilla, and footsole),
various glandular tissues (i.e. salivary glands (parotis sub-
mandibularis, linualis), Bartolini glands of the vulva, mammary
glands, nipple epidermis) as well as additional epithelial tissue
samples (tongue, gingiva, esophagus, pancreas, liver, stomach,
colon, and duodenum) were also analyzed. Furthermore, cell lines
A431 (epidermoid carcinoma of skin; ATTC, CRL-1555), CaCo2
(colon carcinoma; ATTC HTB-37), and MCF-7 (mamma carcinoma;
ATTC, HTB-22), and the epidermal keratinocyte cell line HaCaT
were also investigated.
Antibodies Primary antibodies/antisera against the following
keratins were used: K1b: antiserum K1b.2 was produced in this
laboratory by injection of the synthetic aminoterminal peptide
RVYSTSSSAGSGGGS-(C) (underlined in Fig 1) of K1b into guinea-
pigs, to which a cysteine residue was added at its carboxyterminal
end for coupling to Keyhole limpet protein (Peptide Specialty Lab-
oratories, Heidelberg, Germany). Antibody dilutions: IIF and
immunohistochemistry (IHC), 1:1000; dilutions for western blot
analysis (enhanced chemoluminescence (ECL), dilution 1:5000);
K1: K1 (mouse monoclonal antibody (mab), NCL Loxo, Dossen-
heim, Germany, IIF 1:20), K1rb (rabbit (rb), Covance, Berkeley,
California, IIF 1:2000); K10: RSKE60 (mab, Progen, Heidelberg,
Germany, IIF 1:10), DEK10 (mab, DAKO, Hamburg, Germany, IIF
1:100), K10 (rb, a generous gift from D. Roop, Houston, Texas, IIF
1:100); K1/10: (8.60, Progen, IIF 1:4000); K2e: Ks2.398.3.1 (mab,
Progen, 1:100); K5: GP-CK5 (gp, Progen, IIF 1:1000), CK5 (rb, a
generous gift from T. Magin, Bonn, Germany); K14: GP-CK14
(guinea-pig (gp), Progen, IIF 1:2000), CKB1 (mab, Sigma, Deisen-
hofen, Germany, IIF 1:400), LL02 (mab, NatuTec, Frankfurt,
Germany, IIF 1:40), LL01 (mab, a generous gift from I. Leigh, Lon-
don, UK IIF 1:2); K6: KA12 (mab, Progen, IIF 1:100), K6rb (rb, a
generous gift from P. Coulombe, Baltimore, Maryland, IIF 1:2000);
K16: K16 (rb, a generous gift from P. Coulombe, IIF 1:2000), K16
(mab, Labgen, Frankfurt, Germany, IIF 1:40), K16 (mab, NCL Loxo,
IIF 1:50); K17: E3 (mab supernatant, Progen, undiluted), GP-CK17
(gp, Progen, IIF 1:2000), K8: Ks8.7 (mab, Progen, IIF 1:10); K18:
Ks18.04 (mab, Progen, IIF 1:10), GP-CK18 (gp, Progen, IIF 1:100);
K19: GP-CK19 (gp, Progen, IIF 1:200), Z105, Ks19.10 and A53BA4
(all mab supernatants, Progen, IIF undiluted); K7: RCK105 (mab,
Progen, IIF 1:10); K13: Ks13.1 (mab, Progen, IIF 1:10); K15: K15
(mab, NCL Loxo, IIF 1:80), LHK15 (mab, Neomarkers, Suffolk, UK,
IIF 1:200); K9: GP-CK9 (gp, Progen, IIF 1:3000), CK9 mix of Ks9.70/
9.216 (mab, Progen, IIF 1:10); and Ki67: Ki-S5 (mab, DAKO, IIF
1:50, including fixation of cryosections with 2% formaldehyde/
phosphate-buffered saline (PBS) for 5 min).
The secondary antibodies (IgG or IgGþ IgM) used for IIF/IHC
were: goat anti-guinea-pig, -anti-mouse or -anti-rabbit, coupled to
Alexa 568 (red fluorescence) or Alexa 488 (green fluorescence).
These antibodies (Molecular Probes, Leiden, the Netherlands) were
used at a dilution of 1:200. For IHC, the biotin–streptavidin ready-
to-use immunostaining kit LSAB-2 (K672, DAKO) with biotinylated
anti-guinea-pig IgG was used. Sections were incubated for 20 min
each. For chemoluminiscence detection (ECL), horseradish per-
oxidase-coupled rabbit anti-mouse or anti-guinea-pig IgG (Hþ L)
(Dianova, Hamburg, Germany, 1:10,000) were used.
IIF, IHC, and EM
IIF After a brief rinse in PBS, cryostat sections were fixed in meth-
anol (201C; 5 min), permeabilized with 0.1% Triton-X 100 for 5
min, and blocked with 5% normal goat serum in PBST (0.001%
Triton-X100, PBS). Primary antibodies were applied for 1 h and
after rinses in PBS, incubation with secondary antibodies was
carried out for 30 min. After washing in PBS, sections were dried
and mounted. Visualization and documentation were performed
with a photomicroscope (Axiophot II; Carl Zeiss, Jena/Oberkoc-
hen, Germany). For confocal laser scanning microscopy, a Zeiss
LSM 510 UV microscope (Carl Zeiss) operating with an argon ion
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laser (488 nm) and a He–Ne laser (543 nm) in combination with DIC
was used (for details, see Langbein et al, 2004).
IHC For IHC, formaldehyde-fixed and paraffin-embedded tissues
were used. Sections were de-paraffinized and treated for antigen
retrieval in a microwave oven (e.g. MILESTONE, Diapath GmbH,
Munich, Germany) for 1 min at 981C in sodium-citrate buffer pH 6.0,
cooled to room temperature, and treated with 0.001% Trypsin in
0.05M Tris-buffer (pH 7.4; 15 min, 371C), followed by rinsing with
PBS. Sections were incubated with the biotinylated ‘‘bridge’’ anti-
body, followed by incubation with the streptavidin-coupled per-
oxidase-anti-peroxidase (PAP) complex. For visualization, amino-
ethylcarbazole was used as an enzyme substrate following the in-
structions of the manufacturers (for details, see Langbein et al, 2004).
EM For conventional EM (for details, see Langbein et al, 2002b,
2003, 2004), plantar skin was briefly rinsed with PBS and fixed in
2.5% glutaraldehyde in sodium cacodylate buffer. After three rins-
es in sodium cacodylate buffer, they were postfixed in 2% OsO4 on
ice, followed by washes with distilled water. The specimens were
then stained overnight in 0.5% uranyl acetate, dehydrated, and
embedded in Epon. Micrographs were taken with an electron mi-
croscope EM900 (LEO, Oberkochen, Germany).
ISH A 260 bp 30-noncoding region PCR product of the K1b gene
(for oligonucleotide sequences and PCR conditions, see Rogers
et al, 2004b) was cloned into the pCR4.1 vector (Invitrogen,
Karlsruhe, Germany) and used to prepare a 35S-labeled riboprobe.
ISH on cryostat sections of human scalp and plantar skin was
carried out as described previously in detail (Langbein et al, 1999,
2002a, 2004). Following overnight hybridization at 421C, sections
were repeatedly washed with SSC/formamide at 501C, digested
with RNaseA at 371C, followed by washing with SSC/formamide/
DTT at 501C. Sections were then dehydrated and dried. To esti-
mate the appropriate time of exposure, sections were covered with
an X-ray film (X-OMAT, Kodak, Rochester, New York) and exposed
overnight. After dipping in photo-emulsion (NTB-2; Kodak) and
drying, sections were exposed for 2–3 d, stained with hematoxylin,
and embedded. For the recording of the ISH signals by reflection
microscopy, the confocal laser scanning microscope LSM 510 was
used, which allows simultaneous visualization of ISH in epi-illumi-
nation for the detection of reflection signals and transmitted light in
bright field for hematoxylin staining and the combination of the two
signal channels by an overlay.
Extraction of keratins, one-dimensional gel electrophoresis,
and western blots Plantar skin and scalp were extracted for
keratins as described, and the extracts were resolved by sodium
dodecylsulfate-polyacrylamide gel electrophoresis (10% polyacryl-
amide) as reported previously. For western blots, gels were trans-
ferred to PVDF membranes (Immobilon-P, Millipore, Eschborn,
Germany) by semi-dry blotting. After staining (0.1% Coomassie
blue R250), destaining, and blocking with 5% nonfat milk powder
in Tris-buffered saline, membranes were incubated with the re-
spective primary antibodies (see Antibodies; for all details, see
Langbein et al, 1999, 2004).
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